The liquid phase fluidity of iron ore is a vital index of fundamental sintering characteristics. In this paper, FactSage software and a visible microsintering test device were used to research the influence of the thermodynamic melt characteristics on the liquid phase fluidity under fixed CaO content conditions. The results show that the laws governing liquid phase fluidity of iron ore are significantly different with a fixed alkalinity and fixed CaO content of the sample. The liquid phase content at the sintering temperature is the most important thermodynamic melt formation characteristic affecting the liquid phase fluidity. In addition to the liquid phase content, other minerals also have a greater impact on liquid phase fluidity. Decreasing the viscosity of the liquid phase improves the liquid phase fluidity of the iron ore, and the effect of the SiO2 content of the iron ore on the mixed phase viscosity is greater than that of the Al2O3 content.
Introduction
Sinter is the main raw material for blast furnace ironmaking in China, and the quality of the sinter directly affects the stable operation of blast furnace ironmaking [1] and the economic and technical indexes [2, 3] . Therefore, improving the yield and quality of sinter is of great practical significance for an energy-saving and efficient ironmaking process. The melt formation capacity of the adhesive powder and the bonding effect between each component have vital effects on the sinter strength. Wu et al. [4] first proposed the concept of liquid phase fluidity, which is a very important index of the fundamental sintering characteristics of iron ore. The fluidity of the liquid phase reflects the effective bonding range in the bonding phase. A suitable liquid phase fluidity could ensure a solid-liquid contact area, which can result in sufficient bonding strength. Thus, the liquid phase fluidity of iron ore is very important for optimizing ore matching [4] [5] [6] [7] .
In the past, study of the liquid phase fluidity of iron ore was carried out at a fixed sample alkalinity, Ratio of CaO content to SiO2 content in the samples, (such as sample alkalinity is = 4.0), which led to a high SiO2 content of iron ore being allocated with more CaO reagent [8, 9] . However, for a practical sintering process, enterprises commonly need to use a variety of iron ores to maintain the SiO2 content of the mixed ore in a certain range (approximately 4.5~5.5 wt%) in order to obtain better sintering technology and economic indicators. As a result, the SiO2 content in sinter could be regarded as a fixed value. In addition, as the blast furnace for sinter alkalinity has a certain requirement, the proportion of calcium flux is basically constant in general. Assuming that the different kinds of fine powders (e.g., iron ore, flux, fuel) in the adhering fines are evenly mixed, the probability that the various iron ore powders contact the flux is similar. Thus, the sample model of different iron ore powders with the same proportion of calcium flux could be abstracted from the part of adhering fines in the sintering quasi-particle model. Therefore, the contact state between iron ore particles and flux in adhering fine powder and the formation condition of primary melt can be better simulated by using fixed calcium oxide-specific volume agent content in order to evaluate the melt formation capacity and the liquid phase fluidity of each iron ore in the mixed ore adhering fines to more accurately obtain the influence of the self-characteristics of iron ore on its liquid phase fluidity.
Although experimental studies on the liquid phase fluidity of iron ore have been extensively conducted, there have been few studies on the relationship between the liquid phase fluidity and the thermodynamic equilibrium phase in sintering. Lv et al. [10] studied the liquid phase formulation during the sintering and the effect of the chemical compositions on the liquid projection by FactSage thermodynamic calculation, and the calculation values were compared with experimental measured results. It was found that the calculations of the mass of liquid phase generation cannot give a very good and accurate agreement with the measurement of the melting behavior of the sample quantificationally, but for the ability of the liquid phase formation, the thermodynamic calculations can give a useful and relatively accurate information. It should be noted that the above studies were conducted at a fixed alkalinity (such as the ratio of CaO content to SiO2 content in the samples is four); however, research on the liquid phase fluidity of different iron ores and its influencing factors under the condition of a fixed CaO content (such as the CaO mass content in the samples is 15%) has not been reported, especially the thermodynamic analysis of the liquid phase formation conditions, such as the melt formation temperature, mass of the liquid phase and melt viscosity.
In this study, a visible microsintering test device was used to measure the generation temperature of the effective liquid phase and the liquid phase fluidity of iron ore with a fixed CaO mass content. Moreover, the melt formation temperature, liquid phase content and liquid viscosity under different sintering temperatures were calculated by FactSage 7.0 software to study the influence of these thermodynamic melt formation characteristics on the liquid phase fluidity of iron ore in sintering process.
Materials and Methods

Materials
The small particles of iron ore are easier to adhere to flux and coke particles during mixing and granulating process result in primary liquid phase forms within adhering fines layer. [11] Therefore, the chemical compositions of fine ores, 0.5-mm in diameter, were analyzed by the X-ray fluorescence and chemical analysis, as Table 1 shown. Among them, OA, OB, OC and OD are Australian iron ore, OE and OF are Brazil hematite, OG, OH, OI are three kinds of concentrate fines. Figure 1 ) was conducted to measure the generation temperature of effective liquid phase and liquid phase fluidity of iron ore with fixed CaO mass ratio. The 0.5-mm size fraction iron ores were crushed into 0.05-mm fines, and the CaO content of the adhering fines is calculated to be about 15 wt% based on the actual sinter burden constituent. Therefore, in the research, each ore was added with 15 wt% content of CaO chemical reagents; 0.8 g blended sample was pressed to an 8-mm diameter cylinder tablet under 20 MPa to simulate adhering fines, and then put it on an inert iron chrome aluminum plate (Φ = 25 mm) to avoid the sample reacted with the corundum platform and to diminish the effect of the surface roughness of platform on the liquid phase fluidity. Figure 2 shows the temperature and atmosphere system of the micro-sintering test. The heating rate of the sample was adjusted by the in-and-out speed of the platform automatically. During experimental process, airflow with flux was 3 L/min, nitrogen was used in the sintering stage (1000~1300 °C) to simulate the weakly reducing atmosphere in the high temperature zone of sinter layer. Then, in the cooling process, switch the atmosphere back to the air. The temperature of the sample was measured by thermocouple 1 during the test, and the CCD camera connecting the computer could collect state picture of the sample in the furnace every 1 °C after 800 °C. High light transmittance polaroid glass was used in a micro-sintering test device to obtain clear pictures. The liquid phase fluidity index (FLP) was measured by the vertical projecting area method. The vertical project schematic diagram of the sample was shown in Figure 3 . The fluidity index of the liquid phase was calculated according to Equation (1) . The FLP of each iron ore was decided by at least 3 times tests. where Aafter is vertical projecting area after experiment (mm 2 ), and Abefore is vertical projecting area before experiment (mm 2 ).
Referring to previous studies [12, 13] , the generation temperature of effective liquid phase (T10) is defined as the temperature when the height shrinkage rate of the sample reaches 10% after 1000 °C (excluding the influence of carbonate and crystal water decomposition). T10 represents the lowest temperature at which the liquid phase begins to generate and is prepared to flow.
(2) Thermodynamic calculation by FactSage According to chemical composition of 0.5-mm iron ore in Table 1 , sample adding with 15 wt% CaO reagent in each ore are calculated out, and convert into the corresponding oxide from. It was assumed that the total mass of all the Fe2O3, Fe3O4, SiO2, CaO, Al2O3 and MgO is 100 g. Therefore, the chemical composition of samples for calculation with Factsage is shown in Table 2 . It is critical that choose the appropriate thermodynamics database to calculation results using FactSage software (CRCT-ThermFact Inc. & GTT-Technologies, Canada & Germany). In present study, the thermodynamic calculation databases are selected according to Lv et al.'s research [10] . In contrast, considering the weakly reductive atmosphere in sintering high-temperature stage the atmosphere parameters in the calculation process need to be changed accordingly. Therefore, set the PO2 = 0.21 atm before 1000 °C as the primary calculation condition, then the calculation results of 1000 °C were taken as the initial material into the calculation of the next stage and changed the PO2 to 5 × 10 −3 atm to simulate the weakly reductive atmosphere.
In this paper, the liquid phase formation characteristics of the nine kinds of iron ore with fixed CaO mass content were calculated respectively. Including: a) the melt generation temperature; b) the liquid phase content; c) the thermodynamic equilibrium phases composition and the mixed phase viscosity. The equation of the mixed phase viscosity is shown as Equation (2) [14] .
Results
Liquid Phase Fluidity and Generation Temperature of Effective Liquid Phase
The fluidity indexes of liquid phase (FLP) of the nine iron ore samples under fixed alkalinity conditions (R = 4.0) and a fixed CaO mass content were measured by the visible microsintering test device respectively. The sintering temperature was 1300 °C, and the FLP results are shown in Figure  4 . As seen from Figure 4 , there are significant differences between the FLP of iron ore under the condition of fixed alkalinity (R = 4.0) and fixed CaO mass ratio, especially for the samples of OE, OF and OH. Four groups of parallel tests were carried out on Fluidity index of liquid phase of OA with the R = 4. The results of the four parallel tests are 2.01, 2.03, 2.05, 2.07. Because the standard deviation is small enough, the data of once test in the figure are sufficient to represent its own characteristics and all samples data are statistically different. In the case of fixed alkalinity, the high SiO2 content hematite OF has the largest FLP, while the lower SiO2 content hematite OE and magnetite OH show relatively small FLP. This is because the alkalinity is constant, and when the SiO2 content increases, the added CaO content also increases. However, when simulating the adhering fines of sinter mixed ore and taking into account the fixed CaO mass content method, such as 15% in this study, the rule of FLP is completely opposite to that of the fixed alkalinity situation. The FLP of OE and OH with low gangue content are higher and that of OF with a high gangue content becomes the lowest. As described above, it is assumed that the raw material particles can be evenly distributed during the granulation process (ignoring the influence of segregation), and the contact probability of each iron ore particle in the adhering fines is the same as that in the flux. This will not cause the high SiO2 content ore to be in greater contact with the flux to generate an ore with a large liquid phase and low SiO2 content in less contact with the flux. Therefore, in view of the adhering fines of actual sinter mixed ores, it is more practical to research the difference between the FLP of iron ores with fixed CaO mass content. 
Thermodynamic Equilibrium and Viscosity Calculations
The theoretical generation temperature of liquid phase (TG), the mass of liquid phase during sintering and the viscosity of liquid phase and mixed phase in the sintering of different iron ore samples with 15 wt%CaO were calculated using FactSage 7.0 software, and the modules of "Equilib" and "Viscosity" were applied [14] . The calculation results are shown in Table 3 . Figure 6 shows the relationships between FLP of iron ore and TG, which were calculated by FactSage 7.0 software, and T10, which was measured by visible microsintering test. Figure 6a shows that the T10 calculation results of iron ores are similar, which are substantially concentrated in the range of 1129~1132 °C in the case of treating the last point as an abnormal point. This is due to the initial liquid phase formed, which is mainly calcium ferrite with a low melting point under the same amount of flux mass content during the sintering process. Thus, the T10 of different iron ores are similar. The results show that there is no relationship between FLP and TG. From Figure  6b , it can be found that the FLP decreases with the increase in T10, and they have a good negative correlation. Since the sintering temperature and time are certain, on the one hand, the lower melt formation temperature means that the liquid phase is more likely to be formed in the sintering process [15] ; on the other hand, the low melt formation temperature leads to a higher superheat, so the melt has a low viscosity, which contributes to the wetting and spreading of the liquid phase.
Discussion
The Effect of the Melt Formation Temperature on FLP
The comparative analysis shows that the theoretical liquid phase temperature from the thermodynamic calculation could not characterize the liquid phase fluidity of iron ore during the sintering process because the FactSage software deals only with ideal conditions and does not take into account the actual kinetic conditions, i.e., the porous structure generated by the decomposition of combined water is conducive for improving the specific surface of iron ore particles which enhances the reaction of the kinetic conditions, thus affecting the melt formation temperature [9] . Different kinetic conditions will produce errors in different directions, and further research is needed to solve this error-related problem.
The Relationship between Liquid Phase Content and FLP
With the increase in the sintering temperature, the low melting point material is produced by the solid-phase reaction in the adhering fines layer of quasi-particle, which begins to melt and accelerate the mineralization reaction and liquid phase formation. A large amount of liquid phase is generated in the burning zone of the sinter layer. The mass of liquid phase in the range of 1000~1350 °C was calculated by the "Equilib" module of FactSage 7.0 software. Moreover, the nine kinds of iron ores are divided into four typical mineral types, as shown in Figure 7 , and Table 4 shows the results of the thermodynamic equilibrium calculations for some iron ores. In the table, SLAGA refers to the liquid phase; SPINA refers to the spinel; C2SA refers to the silicates, etc; Mel A refers to Ca2(Fe,Al)Si2O7, Ca2FeAl2O7, Ca2Al3O7.
When the temperature rises, the atomic vibration is intensified in solid phase, and then the reaction kinetic conditions in the iron ore fines are improved, so the rate of the solid phase reaction is accelerated. Meanwhile, the crystallization water is decomposed to generate pores, further improving the reaction conditions, which is favorable for the solid phase reaction.
As shown in Figure 7a ,c, for Australian limonite OA and OB, hematite OE, OF and OG, with the increase in sintering temperature, the liquid phase formation curve of limonite can be divided into four stages. First, the liquid phase begins to generate in abundance when the sintering temperature reaches 1131 °C. In the temperature range of 1159~1250 °C, the liquid phase content grows slowly. After 1280 °C, the liquid phase is generated dramatically. As the temperature rises, the liquid phase content continues to grow, but the growth rate is significantly slower. According to Table II, it can be inferred that the liquid phase content is related to its SiO2 content; the iron ore with higher gangue content has lower mass of liquid phase (i.e., OF).
From Figure 7b , it can be seen that the liquid phase formation curves of OC and OD are different. The liquid phase content profile of OC is similar to that of limonite OA, which has undergone four characteristic stages. Although stages I and II of the liquid phase formation curve of OD are similar (only the mass of liquid phase of OD is slightly larger than that of OC), OD does not show a significant two-stage liquid phase formation curve (i.e., stages III and IV) as OC after 1250 °C. According to the calculation results of the phase composition in Table 4 , the contents of the "Melilite" phase (Ca2(Fe,Al)Si2O7, Ca2FeAl2O7, Ca2Al3O7) of OC and OD are significantly different. They are 3.33 wt% and 14.94 wt% at 1250 °C, respectively. This suggests that OD has a higher Al2O3 content to promote the formation of high melting point minerals. With the increase in sintering temperature, melilite minerals gradually react to decompose and form liquid phase; thus, the formation rate of the liquid phase slows down in the high temperature stage (1250~1300 °C) [16, 17] .
As seen from Figure 7d , the characteristics of the liquid phase formation curves of the two magnetite are different from those of the other ore. The amount of liquid phase produced by the domestic magnetic concentrate fines OI is lower than that of OH in the temperature range of 1190~1300 °C. Comparing the calculation results of the phase composition in Table 4 , it can be found that OI forms more silicates (C2SA), thus suppressing the liquid phase produced. This also proves that a higher SiO2 content will reduce the liquid phase content under fixed CaO content conditions. Based on the above analysis, some iron ores (i.e., OE and OH) have a greater liquid phase content at the beginning of the liquid phase formation. However, for some ores (i.e., OA, OC and OG), although the mass of liquid phase formation is low (approximately 40~45 wt%) in the initial reaction stage (approximately 1200 °C), the liquid phase content increases dramatically in the temperature range of 1250~1300 °C. Therefore, the liquid phase content of iron ore is different in the high temperature stage (1200~1350 °C). Figures 7 and 8 show the relationship between the measured FLP and the calculated liquid phase content under different sintering temperatures. It is shown that the FLP of iron ore is positively correlated with the liquid phase content in the sintering high-temperature section. The greater the amount of liquid phase generated, the higher the FLP of iron ore. This is because the formation of liquid phase is a prerequisite for the occurrence of its flow phenomenon. In the case of a certain degree of viscosity, the greater amount of liquid phase produced, the greater the extent of its spreading. In addition, comparing the fitting results, the liquid phase content calculated at 1300 °C can best reflect its liquid phase fluidity, and the deterministic coefficient (R 2 ) is 0.8311. Moreover, the calculation results of liquid phase content at 1200 °C and 1250 °C have a relatively poor fitting relationship with the FLP. It should be noted that the experimental sintering temperature of FLP was also 1300 °C, and the atmosphere system of the thermodynamic calculation by FactSage was consistent with that of the experimental process. Thus, it is expected that the liquid phase fluidity of iron ore can be characterized to a certain extent by the liquid phase content at its sintering temperature. Wuet al.'s research also attests to this point [6] .
The Effect of the Liquid Phase Viscosity on FLP
In the sintering process, some physical properties of the generated liquids, such as the viscosity of liquid phase, are considered to affect the fluidity of the liquid phase and the microstructure of the iron ore sinter [18] . However, for the practical sintering process, it is very complex, the sintering temperature is relatively low, the bonding phase is identified as a solid-liquid coexistence phase, and the measurement of mixed phase viscosity is relatively cumbersome [19] . The FactSage software can be used to calculate the liquid phase content and the viscosity of the pure liquid phase; then, the viscosity of the mixed phase can be obtained by Equation (2) .
The relationship between the pure liquid viscosity and the mixed phase viscosity with FLP under sintering temperature of 1300 °C is shown in Figure 9 . The results indicate that the FLP of iron ore decreases with the increase in the viscosity of the liquid phase. In other words, decreasing the viscosity of the liquid phase improves its fluidity. This study is in line with the results of previous studies [20] [21] [22] . They concluded that the spreading rate inversely correlates with the viscosity of the melt and the viscosity principally affects spreading in the horizontal direction. Therefore, the lower the viscosity of the liquid phase is, the greater the ability to spread or wet is, and the higher the FLP is. Compared with the fitting relationship of the FLP and the pure liquid viscosity, the fitting degree of the mixed phase viscosity is better. As a consequence, regarding the viscosity of the formed liquid phase during sintering process, the mixed phase viscosity is more important than the widely studied pure liquid viscosity, which can better characterize the fluidity of the liquid phase produced by its adhering fines during the sintering process [19] . The relationship between the mixed phase viscosity and gangue (SiO2 and Al2O3) content is illustrated in Figure 10 . It shows that the viscosity of the liquid phase increases with increasing SiO2 or Al2O3 content, and the effect of SiO2 content of iron ore on the mixed phase viscosity is greater than that of Al2O3 content. According to the ionic theory of slag [23] , SiO4 4− has been widely realized as a strong network-former, which has a tetrahedral structure. Al2O3 has been categorized as an amphoteric oxide and behaves as a network-former in a highly basic system, but AlO3 3− only provides three covalent bonds of O 2− . Therefore, the increase in the viscosity of liquid phase is considered to be due to the increase in the size of flow units with the addition of SiO2 or Al2O3.
In conclusion, a comparative analysis of the effect of liquid phase content and mixed phase viscosity on the liquid phase fluidity was conducted, and the liquid phase content at the sintering temperature is the most important thermodynamic liquid phase formation characteristic affecting the liquid phase fluidity. Moreover, there is a good positive correlation between the liquid phase content and the liquid phase fluidity.
Conclusions
The effects of thermodynamic melt characteristics on the liquid phase fluidity under fixed CaO mass content condition were studied by using the FactSage software and a visible microsintering test device. The following results were obtained:
(1) The laws of liquid phase fluidity of the iron ores are significantly different under fixed alkalinity and fixed CaO mass content of the sample. Under the condition of fixed CaO mass content, the liquid phase fluidity decreases with the increase in gangue mineral content for the same type of iron ore. Moreover, the method of fixed CaO mass content is more consistent with the liquid phase formation behavior of iron ore in the adhering fines during the actual sintering process.
(2) The theoretical liquid formation temperature from the FactSage calculation could not characterize the liquid phase fluidity because the FactSage software does not take into account the actual kinetic conditions. However, the formation temperature of the effective liquid phase can better reflect the liquid phase fluidity of iron ore, and the liquid phase fluidity increases with decreasing formation temperature of the effective liquid phase.
(3) The liquid phase content at the sintering temperature is the most important thermodynamic melt formation characteristic affecting the liquid phase fluidity. In addition to the liquid phase content, other minerals also have a greater impact on liquid phase fluidity. Due to the formation of high melting point minerals, such as silicate or melilite, the liquid phase content of iron ore with a high gangue (SiO2 or Al2O3) content would be relatively decreased.
(4) Decreasing the viscosity of the liquid phase improves the liquid phase fluidity of iron ore. The mixed phase viscosity is more important than the widely studied pure liquid viscosity, and it can better characterize the liquid phase fluidity during the sintering process. Moreover, the effect of SiO2 content of iron ore on the mixed phase viscosity is greater than that of Al2O3 content. Funding: This work was supported by the National Natural Science Foundation of China (Grant Number 51804027), the China Postdoctoral Science Foundation (Grant Number 2017M610769).
